Abstract The inelastic behavioral characteristics of three RC buildings having 6-, 10-and 20-stories under near-source multi-component earthquake excitations are investigated. Ten earthquake records are used in the analysis to cover a wide range of vertical to horizontal spectral ratios. The performances of the buildings are evaluated through the roof displacements, the maximum story drift ratios and the maximum axial forces and strain ductility factors in the building members.
Introduction
It has been observed in recent earthquakes that several buildings have suffered extensive damage despite the fact that they had been designed based on the latest seismic design codes. One of the main reasons behind this damage is the multicomponent effect of earthquakes [1, 2] . Measurements of ground motion during past earthquakes indicated that the vertical spectral ordinates may be exceeding the horizontal values [3] .
Many codes around the world including the Egyptian code [4] estimate the seismic design forces for each earthquake component separately and then combine the structural responses of the earthquake components by approximate combination rules such as the 30 percent (30%) rule and the square root of the sum of the squares rule.
In many modern codes, the vertical response spectrum ordinates are obtained by multiplying the corresponding horizontal spectrum ordinates by a Vertical-to-Horizontal Spectral Ratio (V/H-SR), where V and H are the vertical and the horizontal spectral accelerations, respectively. The V/H-SR is usually taken as a fraction that is less than one. In the FEMA specification [5] , the V/H-SR is considered constant and equals to 2/3 following the research work of Newmark et al. [6] . The Euro code [7] and the Egyptian code [4] recommend the use of two V/H-SRs of 0.45 and 0.9 depending on the expected siteto-source distance.
Many analytical studies were conducted on the single degree of freedom level to improve the prediction of the V/ H-SR in order to be employed in modern seismic design codes. Research works by Ambraseys and Simpson [3] , Collier and Elnashai [8] and Bozorgnia and Campbell [9] , indicated that the V/H-SR is a strong function of the source to site distance and local site conditions. Moreover, some empirical models were developed for estimating the V/H-SR ratio [10] [11] [12] [13] .
Many studies both analytically and experimentally were conducted on the multi-degree of freedom level for evaluating the performance of buildings under multi-component earthquake excitations. Diotallevi and Landi [14] investigated the nonlinear dynamic responses of RC frames using two loading cases, the first case is excited by the horizontal component of ground motion only and the second case is excited by the horizontal and the vertical components of ground motion. The results of this investigation showed that the axial forces in the columns and the roof displacement increase due to consideration of the vertical ground motion.
Faella et al. [15] investigated the nonlinear seismic responses of four-story three-dimensional RC buildings. The analysis was performed under the effect of bi-directional (two horizontal components of earthquakes) and unidirectional ground motions. The analysis showed that there was no significant difference between the two loading cases in terms of the global response parameters, but the damage has increased in the local level of the member sections for the bidirectional ground motion loading case.
Perea and Esteva [16] also investigated the nonlinear dynamic performance of RC frames. The analysis used three cases of the input motions: the vertical ground motion only, the horizontal motion only, and both the horizontal and the vertical motions jointly. The results obtained indicated that plastic hinge rotational demands in beams and columns were increased when including the horizontal and the vertical ground motions together. [17] investigated the nonlinear dynamic responses of three different RC frames. The analysis used two cases of the input motions: the horizontal motion only and both the horizontal and the vertical motions combined. It was concluded that the axial forces and the curvature ductility in columns are increased when including the vertical ground motion. Kadid et al. [18] also considered two loading cases in the dynamic analysis of three RC buildings. The first loading case was the horizontal component of ground motion only, while the second was the horizontal and the vertical ground motions combined. The results indicated that the ver- tical component had little effect on the story drifts and base shear but it caused an increase in the column axial forces. Djarir and Abdelkrim [19] investigated the effect of combined horizontal and vertical accelerations on the seismic response of reinforced concrete frames on flexible foundations. Five and nine-story buildings were considered in the analysis. It has been found that the inclusion of the vertical ground motion with the soil-structure interaction has resulted in a reduction in the horizontal displacement compared to the case with only the horizontal earthquake component.
Mwafy and Elnashai
Mwafy [20] investigated the nonlinear dynamic responses of twelve RC buildings. Different building heights and structural systems (moment-resisting frames and dual frame-wall systems) as well as structural regularity were taken into consideration. The analysis used two cases of the input motions: the horizontal motion only and both the horizontal and the vertical motions combined. The results of this investigation showed that the axial forces in the columns, base shear, and the roof displacement have increased due to consideration of the vertical ground motion.
The focus of this study is on investigating the inelastic behavioral characteristics of RC buildings under the effect of near-source multi-component earthquakes. Three RC buildings having 6-, 10-and 20-story are analyzed under the effect of ten near-source earthquake records with a wide range of vertical to horizontal peak spectral ratios. The earthquakes are scaled to insure that the buildings undergo inelastic behavior with a minimum of 2% story drift ratio. The seismic response of the prototype buildings considered in this study is obtained using four earthquake loading cases including one lateral component (X-case), two lateral components (XY-case), one lateral component accompanied with the vertical component (XZ-case) and two lateral components accompanied with the vertical component (XYZ-case). A comparison is made between the building responses to the four earthquake loading cases X, XY, XZ and XYZ to evaluate the multicomponent effect of the earthquake records on the prototype buildings of this study. 
Prototype buildings, computer models and earthquake selection
Three RC frame buildings having 6-, 10-and 20-stories are used to evaluate the multi-component effect of the nearsource earthquake records. The 6-story building has two bays with a constant bay width of 7.0 m in each direction [21] . The 10-story building has three bays with a constant bay width of 6.0 m in each direction [22] . The story height for the 10-story building is 3.25 m and the total height is 32.5 m. The structure was designed according to the ACI code. The building was designed symmetrically in the transverse directions using concrete strength of 25.0 MPa and reinforcing bar yielding strength of 400.0 MPa. The dead load was considered as 8.0 KN/m 2 , while the live load was assumed to be 2.0 KN/m 2 . The dimensions and cross-sectional details of the building are shown in Fig. 2 .
The 20-story building has three bays with a constant bay width of 6.0 m in each direction [23] . The story height for the 20-story building is 3.6 m and the total height is 72.0 m. The structure was designed according to the Canadian codes (the 1995 NBCC and the 1994 CSA). The building was assumed to be located in the city of Victoria on Canada's west coast. The design base shear coefficient was equal to 6.4% of the total weight. The building was designed symmetrically in the transverse directions using concrete strength of 30.0 MPa and reinforcing bar yielding strength of 360 MPa. The dimensions and cross-sectional details of the building are shown in Fig. 3 . The DRAIN-3DX computer program [24, 25] is used to perform the dynamic inelastic analysis. The Fiber beam-column element (type 15) is used to model the beam-column members of the buildings. A sensitivity analysis is conducted to determine the model parameters. The inelastic lengths at the member ends are taken equal to 20% of the member length. Each inelastic end is then divided into twelve segments and the element cross section is divided into twenty concrete fibers in each direction. The structural mass is assumed lumped at the nodes and the P-D effect has been taken into consideration. The dynamic analysis is performed using a time step increment of 0.02 s and Rayleigh damping which is defined to achieve 5% viscous damping in the first two natural modes of the building.
A suite of 10 near-source multi-component earthquake records is selected in this study. The record information is presented in Table 1 . The selected records have wide range of vertical to horizontal peak spectral ratios. The records are selected from COSMOS Virtual Data Center [26] . The earthquakes are scaled to insure that the buildings undergo inelastic behavior with a minimum of 2% story drift ratio. Each scale factor is applied identically to the three earthquake components. The scale factors are determined by trial and error for each building and earthquake. Each earthquake has three different scale factors for the three buildings considered in this study.
The floor-displacement response
Figs. 4-6 show the variation of the mean floor displacements in the X-direction along the height of the 6-, 10-and 20-story buildings, respectively. The results presented for each building display little differences among the predictions of the X, XY, XZ and the XYZ loading cases. For each building, the results of the X-loading case are considered as a reference for comparing the performances of the various earthquake loading cases. A parameter w is defined to measure the percentage of change in the performance of any earthquake loading case in comparison with that of the X-loading case.
Values of w for the roof displacement in the X-direction of the three buildings are summarized in Table 2 . The results presented in the table indicate that, on average, the XYZ-case exhibits slightly higher levels of roof displacements in comparison with the other loading cases. The average roof displacement values of the XYZ-case are 0.93%, 0.88% and 2.04% higher than those of the X-case for the 6-, 10-and 20-story buildings, respectively.
Story-drift response
The story drift is an important parameter for evaluating seismic damage of the structural elements in any story. Figs. 7-9 show the variations of the mean story drift ratios in the Xdirection along the height of the 6-, 10-and 20-story buildings, respectively. The results presented in the figures show little differences among the predictions of the four earthquake cases for each building. The results also show that the Maximum Story Drift Ratios (MSDRs) of the earthquake loading cases occur in the third-, sixth-and eighteenth-story of the 6-, 10-and 20-story buildings, respectively.
Values of w for the MSDRs of the selected buildings are summarized in Table 3 . For the 6-and the 10-story buildings, the results presented in the table indicate that, on average, the XYZ-case displays slightly higher levels of MSDRs than the other loading cases. The average MSDRs of the XYZ-case are 0.67% and 1.46% higher than those of the X-case for Figure 13 Height-wise distribution of the mean maximum column SSDFs of the 6-story building. the 6-and the 10-story buildings, respectively. For the 20-story building, on average, the XY-case displays the highest level of MSDRs in comparison with the other loading cases. The average maximum story drift ratio of the XY-case is 1.43% higher than those of the X-case for the 20-story building. Table 4 . For each building, the results presented in the table indicate that, on average, the XYZ-case displays the highest level of column MACFs in comparison with the other loading cases. The average column MACFs of the XYZ-case are 33.82%, 40.60% and 40.45% higher than those of the X-case for the 6-, 12-and the 20-story buildings, respectively.
Column maximum axial compression forces

Steel strain-ductility-factors in columns
In this study, the Steel Strain-Ductility-Factor (SSDF) in a column is calculated as the maximum steel strain in the column Values of w for the maximum SSDFs in columns of the selected buildings are summarized in Table 5 . For the 6-story building, the results presented in the table indicate that, on average, the XY-case displays the highest level of the maximum SSDFs in columns in comparison with the other loading cases. The average maximum SSDF in columns of the XY-case is 25.67% higher than that of the X-case for the 6-story building. For the 10-and 20-story buildings, the results presented in the table indicate that, on average, the XYZ-case displays the highest level of the maximum SSDFs in columns in comparison with the other loading cases. The average maximum SSDF in columns of the XYZ-case is 63.96% and 45.14% higher than those of the X-case for the 10-and 20-story building, respectively.
Steel strain-ductility-factors in beams
Figs. [16] [17] [18] show the variations of the mean SSDFs in beams along the height of the 6-, 10-and 20-story buildings, respectively. The results shown in the figures indicate that the maximum SSDFs in beams occur in the second-, third-and the seventeenth-story of the 6-, 10-and 20-story buildings, respectively. The results also display little differences among the predictions of the X, XY, XZ and the XYZ loading cases for the three buildings considered.
Values of w for the maximum SSDFs in beams of the selected buildings are summarized in Table 6 . For the 6-story building, the results presented in the table indicate that, on average, the XZ-case displays the highest level of the maximum SSDFs in beams in comparison with the other earthquake loading cases. For the 10-story building, the results presented in the table indicate that, on average, the XYZcase displays the highest level of the maximum SSDFs in beams in comparison with the other loading cases. The average maximum SSDF in beams of the XYZ-case is 0.28% higher than that of the X-case for the 10-story building. For the 20-story building, the results presented in the table indicate that, on average, the XY-case displays the highest level of the maximum SSDFs in beams in comparison with the other loading cases. The average maximum SSDF in beams of the XY-case is 0.36% higher than that of the X-case for the 20-story building.
8. Damage state of the 6-story building Fig. 19 shows the distribution of plastic hinges of the interior frame in the X-direction of the 6-story building. The distributions of plastic hinges are presented for the four loading cases of El Centro earthquake record. The plastic hinge distributions are approximately similar for the X and the XZ loading cases and for the XY and the XYZ loading cases.
In the X and the XZ loading cases, plastic hinges occur at the base of the first story columns, at most of the frame beam-ends and at little number of the top-ends of the frame columns. In the XY and the XYZ loading cases, plastic hinges occur at most ends of the frame beams and columns.
This indicates that the Y-component has an influence on the distribution of the frame plastic deformations. The Ycomponent causes a change in plastic hinge distribution from a desirable beam-hinging mechanism under the X and the XZ loading cases to a less desirable beam-column-hinging plastic mechanism under the XY and the XYZ loading cases. The numbers of beam plastic hinges reach 114, 107, 114 and 105 for the X, XY, XZ, and the XYZ loading cases, respectively. The numbers of column plastic hinges are 66, 142, 72 and 147 for the X, XY, XZ, and the XYZ loading cases, respectively. This indicates that the Y-component has an influence on the distribution of the frame plastic deformations. The Y-component causes a significant increase in the number of plastic hinges in the frame columns.
Conclusions
The focus of this study is on evaluating the inelastic behavioral characteristics of RC buildings under the effect of 10 nearsource multi-component earthquake excitations. Based on the results of the analysis carried out in this study, the following conclusions are drawn:
The consideration of multi-component earthquakes has very little effect on the roof drifts and the story drifts of the RC buildings. The vertical component of earthquakes causes a significant increase by up to 40% in the column maximum axial forces, unlike the second horizontal component, which had a little effect on the column maximum axial forces. The multi-component earthquake causes a very little change in the strain ductility factors of steel in the building beams. The multi-component earthquake causes a significant increase in the strain ductility factors of steel in the building columns. The results indicate that the increase in the column strain ductility factors is mainly due to the effect of the second horizontal component of the earthquake. The vertical component has a minor effect on the column strain ductility factors. The multi-component earthquakes can alter the distribution of plastic hinges in RC buildings as a result of the axialforce variation and the existing of biaxial moments in the building columns. The consideration of the multi-component earthquakes in RC building design is a crucial issue to ensure a satisfactory seismic performance of these types of structures. Evaluating the effectiveness of the design approaches considered in building codes to account for the multi-component earthquake effects is an essential topic that needs to be addressed in future research. This evaluation will require the availability of seismic performance objectives that correspond to specific seismic input levels. Based on the outcome of the current study it is recommended that the seismic performance objectives be based on the strain responses and not on the displacement quantities. This may represent a problem as most available seismic performance objectives are usually identified quantitatively in terms of story drift ratios.
